We demonstrate that (NH4)2Si0.5Ti0.5P4O13 is an excellent proton conductor. The crystallographic information concerning the hydrogen positions is for the first time unraveled from neutron powder diffraction (NPD) data. This study shows that all the hydrogen atoms are connected though H-bonds, establishing a two-dimensional path between [(Si0.5Ti0.5)P4O13 
Introduction
Fuel cells as clean power sources have attracted wide attention due to their high energy conversion efficiency as well as low emissions. [1] [2] [3] Notably, fuel-cell powered vehicles were introduced into the market by several vehicle companies in 2014.
However, the present polymer electrolyte membrane fuel cells (PEMFCs) with Nafion as proton conducting electrolytes are usually operated below 100 °C. CO poisoning is a concern if the cell works with carbon-based fuels at these temperatures. Thus, increasing loadings of noble metal catalysts and alloying Pt with other oxophilic elements are usually used to enhance the catalytic activity and mitigate CO poisoning.
PEMFCs or direct-alcohol fuel cells operating at higher temperatures show improved electrode reaction kinetics and enhanced impurities tolerance for the fuels.
Thus, solid-state proton conductors with high conductivities operating in 150~400 o C are highly desired for developing intermediate temperature fuel cells (ITFCs). [4] [5] [6] [7] Ammonium polyphosphate based electrolytes are possible candidates. 4, 5, 8 However, pure phase ammonium polyphosphate is not stable at temperatures higher than 200 o C.
It is noteworthy that of the composite with highly dispersed oxides is an effective strategy to improve the stability and ionic conductivity. 9, 10 Although Wang et al. 11 reported the preparation, structural and transport properties of the (NH4)2Si1-xTixP4O13 (0x1), the proton transportation mechanism in these compounds is not clear yet.
In this work, we have prepared (NH4)2Si0.5Ti0.5P4O13 by a solid-state reaction. The crystal structure of (NH4)2Si0.5Ti0.5P4O13 and its structural evolution with increasing temperature were studied by neutron powder diffraction (NPD) experiments and X-ray diffraction (XRD). The proposed diffusion pathway was confirmed by density functional theory (DFT) calculations. The relationship between the structure and conductivity property of (NH4)2Si0.5Ti0.5P4O13 as a proton conductor for ITFCs is unraveled, and the microscopic origin of the observed good performance has been revealed, which is instructive for designing and fabricating high-performance inorganic electrolytes.
Results and Discussion
Both, XRPD and NPD patterns show that this material is isostructural with The crystallographic position of these groups was reported, 12 but the hydrogen positions are unknown since they are not observed from X-ray diffraction.
Subsequently, the Ti substituted phase was described by Wang et al; 11 however, they only provided the unit-cell parameters, determined from XRPD data, and there was no crystallographic information concerning the atomic positions.
In a first approximation, the XRPD pattern of (NH4)2Si0.5Ti0.5P4O13 was refined using the Le Bail method obtaining the following unit-cell parameters in the 1 ̅ After fitting the unit-cell and instrumental parameters, the atomic coordinates were refined incrementally in the following order: silicon/titanium, phosphorus, oxygen, nitrogen and finally hydrogen atoms using an overall displacement parameter. Then, this overall displacement parameter was replaced by the isotropic displacement parameters for each atom type, except Si/Ti site, due to the opposite sign in their scattering lengths; for this site the value was fixed to 1.2 Å 2 . Finally, the relative occupation Si/Ti was also refined, reaching the convergence. The good agreement between the observed and calculated NPD patterns after the refinement is shown in Figure 1 . The structural parameters of this phase at RT are listed in Table S1 ( Tables S2 and S3 . Also, a comparison between the main distances for the three temperatures is listed in Table S4 . Tables S5, S6 and S7, the observed interactions for this compound is in the range of moderate and weak. The feasibility of (NH4)2Si0.5Ti0.5P4O13 as an intermediate-temperature electrolyte material was investigated by impedance spectra measurements. The temperature dependence of the proton conductivity of (NH4)2Si0.5Ti0.5P4O13 is shown in Figure 4 .
This material exhibits high proton conductivities of 0.0061 and 0.024 S cm -1 in humid air at 125 and 250 o C, respectively. The conductivities of (NH4)2Si0.5Ti0.5P4O13 in humid H2 are slightly higher than those in wet air. 12 The conductivity of (NH4)2Si0.5Ti0.5P4O13 is much higher than that of propanesulfonated polybenzimidazole (PBI-PS) (~0.00158 S cm -1 at 140 o C) 3 and comparable to that of solid acid proton conductor CsHSO4 (~0.04 S cm -1 at 180 o C). 14 It is believed that the conductivity is dependent on the testing conditions. 11 The diffusion mechanism is still the hydrogen hopping via external hydrogen bond. In Figure 4 , it also shows the typical ceramic proton conductors such as BaZr0.8Y0.2O3- (BZY) and BaCe0.7Zr0.1Y0.2O3- (BCZY) 15 and polymeric conductors such as NAFION in comparison with ceramic 14 and polymeric proton conductors.
Conclusions
In summary, the crystallographic information concerning the hydrogen atomic positions in (NH4)2Si0.5Ti0.5P4O13 is unraveled in a NPD study. A two-dimensional path between [(Si0.5Ti0.5)P4O13 
Experimental Section
Preparation of (NH4)2Si0.5Ti0.5P4O13. Commercial APP (AP423, Clariant GmbH), SiO2 (Quartz, Alfa Aesar) and TiO2 (Anatase, Alfa Aesar) were used to synthesize (NH4)2Si0.5Ti0.5P4O13 by a solid-state reaction process in ammonia atmosphere as reported previously. 11 Stoichiometric amount of APP, SiO2 and TiO2 powders were thoroughly mixed with a mortar and pestle and were then calcined in an ammonia atmosphere at 400 °C for 24 h. Then, the ammonia atmosphere was switched to argon and the temperature was reduced to room temperature. After this procedure, the product was washed with distilled water, dried at reduced temperature (RT) and crushed at 10°C. Then the obtained product was sieved to collect electrolyte powder with diameters less than 100 µm. For impedance spectra measurements, the method is as that reported in the literature. 4 The measurement was performed in humid air. Wet air with water vapor partial pressure of 3.4 kPa was obtained by bubbling gas through water at 25 o C.
Characterization of materials.
Before recording impedance spectra, the pellet was equilibrated under humid gas for 24 h in the test system. The impedance spectra were recorded at constant temperatures after 1 h equilibration time. The data were analysed using a ZView software (version ]n layer extending parallel to the (100) plane and Thermal evolution of the H-bond connectivity, Crystallographic data for (NH4)2Si0.5Ti0.5P4O13
from NPD data at various temperatures, as well as main interatomic distances and angles for the main H-bond interactions at different temperatures.
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